Techniques for storing . lo4 to lo5 ions for periods of hours to days are described in detail. Ion dynamics and detection techniques are also covered. Experimental data is presented demonstrating that ions stored in a room temperature Penning style ion trap using dc electric and magnetic fields can be cooled to near ZERO Kelvin using a suitable laser. This cooling technique, which is appliciable to very many atomic and molecular ions, can reduce fractional frequency shifts due to the second order Doppler effect to smaller than This cooling, coupled with the other attractive features of ion storage, promises to make possible frequency standards with stabilities in the lowL6 to range with accuracies of order 10-15 or better. One possible candidate for a microwave frequency standard is described. The projected fractional frequency stability is U (TI = 4~1 0 -l~ for 16s <r<104s.
Introduction
All presently known techniques for achieving ultrahigh resolution and accuracy in atomic or molecular spectroscopy are limited by one or more of the following effects: l) residual first order Doppler, 2) second order Doppler, 3 ) perturbations due to confinement -for example the wall shift in hydrogen, 4) transit time broading, and 5) signal to noise ratio. It has been realized for many years that the storage of ions in an electromagnetic t r a p reduces the uncertainty in the residual first order Doppler effect to a negiligible value, that the uncertainties in perturbations due to the confinement fields could be made fractionally smaller than and that the very long storage times permitted the realization of extremely narrow linewidths limited by the natural lifetimes of the states involved and/or by power broading. Until only very recently, however, the second order Doppler effect appeared to present a formidible obstacle to attaining fractional accuracies below moreover the signal to noise ratio i n most experiments was rather poor, severely limiting attainable frequency stabilities.
Very recently we have succeeded in experimentally demonstrating that ions contained within a room temperature Penning style ion trap can be cooled close to zero Kelvin using laser induced refrigeration. This technique is very widely applicable and reduces the second order Doppler effect to below parts in depending on the ion and the amount of cooling. Signal to noise problems have been greatly improved with the advent of stable tuneable dye lasers. As a result, ion storage techniques now present a very promising opportunity to achieve frequency stabilities of to perhaps and absolute frequency accuracies in excess of 1 part in 1015.
In this paper we will describe the general techniques of ion storage, present the experimental verification of laser induced refrigeration and briefly describe one possible candidate for a microwave frequency standard including projected numbers for the obtainable frequency stability.
Ion Storage Techniques
Ion traps are available in two basic varieties, the Paul trap and the Penning Trap. Fig. 1 shows the cross section of the cylindrical symmetric electrodes generally used in both styles of traps. In the Paul trap an rf voltage is applied between the center ring electrode and the two end caps. The resulting inhomogeneous rf electric fields produce a three dimensional well for ions of approximate depth e/m (Vrf/LJrF) (2Z0)
2 where e/m is the ion charge to mass ratio, R . = J2Z0, 2R0 is the diameter of the ring electrode, 22, is the axial separation of the two end caps, Vrf is the amplitude and urf the frequency of the applied rf electric field. The disadvantage of this type of trap is that the applied rf trapping fields impress a sympathetic micromotion on the ions thereby raising their kinetic temperature by an amount proportional to their average distance from the center to the trap. If many ions are simultaneously stored, the Coulomb potential will prevent them from all occupying the center of the trap, thereby preventing the ion cloud from being cooled to low temperatures. If only a single ion is stored this problem is greatly reduced.
In the Penning trap, three dimensional confinement is obtained by applying a dc potential, V , , between the ring and end caps of appropriate
and i s shown i n F i g . 2 .
It can be seen from Fig.  2 t h a t a low energy p o s i t i v e i o n would b e r e f l e c t e d from both end c a p s , however it would tend t o f a l l o u t o f t h e t r a p a l o n g t h e r a d i a l d i r e c t i o n .
The homogeneous m a g n e t i c f i e l d a l o n g t h e
Z a x i s c a u s e s t h e i o n s t o undergo cyclotron motion and therefore provides r a d i a l c o n f i n e m e n t .
The n e t e f f e c t t h e n i s f o r t h e i o n s t o undergo simple harmonic motion along t h e Z a x i s a t f r e q u e n c y wz.
I n t h e r a d i a l d i r e ct i o n t h e y o r b i t on a c i r c l e w i t h a n g u l a r v e l o c i t y = wc -wm w i t h t h e c e n t e r o f t h e c i r c l e p r ec e s s i n g a r o u n d t h e t r a p a x i s a t angular frequency U , , , , where wc = eB/mc, and 2 4 , -2 %~~ + wz2 = 0.
This i s s c h e m a t i c a l l y shown i n F i g . 3 .
The long r a n g e Coulomb c o l l i s i o n s e s t a b l i s h a Boltzmann d i s t r i b u t i o n o f k i n e t i c e n e r g i e s i n t h e W and W m o t i o n s i n a few m s . 1 n 2 r 3 # 5
The W , , , motion 1s essentially decoupled from the other motion.
z . c
The k i n e t i c t e m p e r a t u r e o f t h e i o n s c a n b e measured by m o n i t o r i n g t h e f i r s t o r d e r Doppler w i d t h o f o n e o f t h e i r i n t e r n a l n a t u r a l r e s o n a n c e l i n e s o r by monitoring the induced image c u r r e n t which flows from one end cap t o t h e o t h e r i n r e s p o n s e t o t h e i r t h e r m a l l y d r i v e n wz m~t i o n .~'~'~ Such a d e t e c t i o n scheme i s shown i n F i g . 4 , w h i l e a t y p i c a l s i g n a l f o r a s i n g l e i o n s p e c i e s i s shown i n F i g .
The a r e a u n d e r t h e i o n s i g n a l c u r v e i s p o r p o r t i o n a l t o t h e p r o d u c t o f i o n
number, N, times absolute temperature, T . 3 r 6 1 7 I o n l i f e t i m e s a r e t y p i c a l l y many hours t o many d a y s u s u a l l y l i m i t e d by chemical reactions with the background g a s o r r a d i a l d i f f u s i o n , t h e r e f o r e v a r i a t i o n i n t h e i n t e g r a l o v e r a f e w minutes i s uniquely r e l a t e d t o c h a n g e s i n i o n t e r m p e r a t u r e .
Laser Induced Cooling
The l a s e r c o o l i n g is perhaps most e a s i l y d e sc r i b e d i n terms of an energy arguement Assume t h a t t h e s t o r e d i o n s p e c i e s p o s s e s s e s an i n t e r n a l c h a r a c t e r i s t i c t r a n s i t i o n a t f r e q u e n c y vo:
S i n c e t h e i o n s have f i n i t e k i n e t i c e n e r g y t h l s c h a r a c t e r i s t i c t r a n s i t i o n w i l l be observed t o be Doppler broadened when viewed i n t h e laboratory frame.
I f a l a s e r of frequency V is t u n e d t o t h e low frequency side of the Doppler broadened line, t h e n t h e i o n s w i l l a b s o r b t h e l a s e r p h o t o n s o n l y when a p p r o a c h i n g t h e l a s e r .
However when t h e y s p o n t a n e o u s l y r e -r a d i a t e t h e y w i l l on t h e a v e r a g e r a d i a t e t h e p r o p e r , o r unshifted resonance frequency, wo.
The e n e r g y d e f i c i t must be accounted f o r by a r e d u c t i o n i n k i n e t i c e n e r g y , i . e . t h e k i n e t i c e n e r g y d e c r e a s e s by h(vo-V ) p e r scatteri n g e v e n t . I f (vo-v) i s . 5 GHz, a t y p i c a l h a l f w i d t h f o r a n o p t i c a l t r a n s i t i o n o f a 300K absorber, t h e n e a c h s c a t t e r i n g e v e n t removes -.02K on t h e average. Therefore only 15000 s c a t t e r i n g s p e r i o n a r e r e q u i r e d i n o r d e r t o c o o l t h e e n t i r e i o n
o l i n g rate of about 3 x 104 K/S assuming v, -v = .S GHz. L a s e r f r e q u e n c y s t a b i l i t y o f e v e n 100 M H z is s u f f i c i e n t f o r t h i s c o o l i n g p r o c e s s . E x p e r i m e n t a l v e r i f i c a t i o n o f t h i s l a s e r i nduced cooling scheme has been obtained using approximately l o 4 M g i o n s c o n t a i n e d w i t h i n a P e n n i n g s t y l e i o n t r a p w i t h 2R0 = 1.26 cm, 22, = .76 cm, and B = 1T (lo4 Gauss). Mg+ was chosen because of its s i m p l e l e v e l s t r u c t u r e shown i n F i g . 6 , a n d t h e c o n v e n i e n t o v e r l a p o f a v a i l a b l e doubled dye lasers w i t h t h e e l e c t r i c d i p o l e allowed 2s t o 2P3 t r a n s i t i o n a t 279.6 nm. F i g . 7 shows t h e t e m b e r a t u r e o f a b o u t lo4 M g i o n s as d e r i v e d from the induced image c u r r e n t , d u r i n g a laser induced cooling cycle.
The ions were f i r s t h e a t e d t o a p p r o x i m a t e l y 700K p r i o r t o t u r n i n g on t h e 8 )LW laser, which was tuned t o t h e low s i d e o f t h e 2 5
t o 2P3 t r a n s i t i o n . A f t e r about one minute t?d2ion temberature i s seen t o approach zero Kelvin to within the measurement u n c e r t a i n t y o f a p p r o x i m a t e l y 20K. The laser w a s t u r n e d o f f a n d t h e i o n s a l
Norm a l l y t h e i o n r e t h e r m a l i z a t i o n t i m e i s a t least 10 times l o n g e r t h a n t h a t s e e n i n F i g .
W e h a v e a l s o v e r i f i e d t h a t t h e
laser cooling does n o t e j e c t i o n s f r o m t h e t r a p .
/ 2
Under t h e s e c o n d i t i o n s o f low l a s e r power, t h e i o n s cool u n t i l a b a l a n c e i s reached with the h e a t i n g d u e t o c o l l i s i o n s w i t h t h e room temperature background gas. Based on t h e r a t i o o f c o o l i n g time c o n s t a n t t o t h e r e t h e r m a l i z a t i o n time c o n s t a n t w e would estimate an ion temperature of a b o u t 40K, f o r F i g . 7 which i s somewhat h i g h e r t h a n t h e d i r e c t measurement of T.
Under normal vacuum c o n d i t i o n s w h e r e t h e r e t h e r m a l i z a t i o n time i s much l o n g e r we estimate an ion temperature of about 1K t o 2K. Further cooling could be o b t a i n e d by i n c r e a s i n g t h e l a s e r power. The u l t i m a t e c o o l i n g limit is p r e d i c t e d t o be kT = 1/8Muo, where A v o is t h e n a t u r a l w i d t h o f the resonance used in the cooling. For the 2 s t o 2P-312 t r a n s i t i o n i n Mg t h i s l i m i t i s .5 mK. 41
The
o n t a i n e d w i t h i n a P e n n i n g s t y l e i o n t r a p .
I t should also b e n o t e d t h a t t h e l o n g r a n g e Coulomb i n t e r a c t i o n between ions can be used t o c o o l o t h e r i o n s p e c i e s c o n t a i n e d w i t h i n t h e t r a p . S i n c e t h e c o o l i n g mechanism is s e p a r a t e f r o m t h e t r a p p i n g f i e l d s , t h e c o o l i n g c a n
be p e r i o d i c a l l y t u r n e d o f f t o p e r m i t low power i n t e r o g a t i o n o f a narrow resonance feature. These features make t h i s p a r t i c u l a r t y p e o f l a s e r i n d u c e d c o o l i n g a v e r y w i d e l y a p p l i c a b l e t e c h n i q u e f o r r e a l i z i n g p r e v i o u s l y undreamed of p r e c i s i o n i n a t o m i c and molecular spectroscopy.
on ions contained within a P e n n i n g s t y l e i o n t r a p and l a s e r c o o l e d i s
Ba+. The l e v e l d i a g r a m f o r
Ba+ i s shown i n F i g .
.
The 6~1 1 2 t o 6 p 1 / 2 t r a n s i t i o n a t
9 3 nm i s w i t h i n the range of a v a i l a b l e t u n a b l e dye l a s e r s . Unfortunately the ions decay approximately one t h i r d o f ' t h e time t o t h e
5d3/2 l e v e l which has a l i f e t i m e of about 1 S .
I n o r d e r t o o b t a i n s u f f i c i e n t c o o l i n g r a t e s , t h e 5d3/2 level must be umped with another l a s e r back to the 6p1/2 level.
1
BaTj7 has a nuclear spin of 3/2 and a magn e t i c h y p e r f i n e s p l i t t i n g o f a b o u t 8 GHz. The h y p e r f i n e s e p a r a t i o n v s m a g n e t i c f i e l d is shown i n Fig. 9 . Note t h e e x i s t e n c e o f e x t r e m a i n t h e s e p a r a t i o n o f s e v e r a l h y p e r f i n e l e v e l s . T h i s f e a t u r e i s n o t u n i q u e t o b u t i s g e n e r a l l y found whenever one has transitions between levels having a m u l t i p l i c i t y o f 3 o r more.
The e x i s t e n c e o f e x t r e m a i n t h e h y p e r f i n e s t r u c t u r e a l l o w s o n e t o s t o r e t h e i o n s a t a l a r g e m a g n e t i c f i e l d a n d still o b t a i n r e l a t i v e l y small s h i f t s due t o c h a n g e s i n m a g n e t i c f i e l d .
By s t a b i l i z i n g t h e m a g n e t i c f i e l d t o a p a r t i n lo7 t h e u n c e r t a i n t y i n t h e l e v e l s e p a r a t i o n c o u l d b e reduced t o a p a r t i n Magnetic f i e l d s t a b il i z a t i o n t o t h i s o r d e r s h o u l d be e a s i l y a c h i e v e d by measuring a m a g n e t i c f i e l d d e p e n d e n t t r a n s i t i o n , e . g . t h e ( 2 , -1 ) t o ( 2 . -2 ) t r a n s i t i o n f r e q u e n c y o f t h e s t o r e d Ba+ i o n s . S i n c e t h e i o n c l o u d i s s y m m e t r i c a l l y d i s t r i b u t e d w i t h i n t h e t r a p i n a volume of -lm3, and a l l i o n s o s c i l l a t e b a c k and f o r t h a l o n g t h e Z a x i s w h i l e r o t a t i n g a b o u t t h e z a x i s , t h e m a g n e t i c f i e l d d e p e n d e n t l i n e w i d t h
and t h e m a g n e t i c f i e l d a v e r a g i n g s h o u l d b o t h be e x c e l l e n t .
Penning ion traps h a v e t h e d i s a d v a n t a g e t h a t t h e m a g n e t i c f i e l d s p l i t s t h e v a r i o u s states, however, t h i s f a c t a l l o w s o n e t h e p o s s i b i l i t y t o c y c l e t h e i o n s
many times between two well d e f i n e d levels. In an optical-microwave double resonance scheme such as proposed here, each ion making a microwave t r a n s i t i o n c a n b e
made t o e m i t many o p t i c a l p h o t o n s . A p o s s i b l e ( a l t h o u g h c o m p l ic a t e d ) c y c l e f o r
Ba+ would be 1) p r e p a r e t h e i o n s i n t h e (l,-l) l e v e l v i a o p t i c a l pumping and s e l e c t i v e microwave r e l a x a t i o n i n t h e g r o u n d s t a t e , 2 ) d r i v e t h e (l,-l) t o ( 2 , -1 ) t r a n s i t i o n a t a low l e v e l w i t h t h e l a s e r o f f , 3 ) i r r a d i a t e a l l t h e i o n s w i t h a laser tuned about 100
MHz below t h e 6slI2 ( 2 , l ) t o 6 p , / ( 2 , 2 ) t r a n s i t i o n simultaneously mixing the (2-1), ( 2 , 0 ) , ( 2 , l ) and t h e ( 2 , 2 ) l e v e l s w i t h microwaves and d r i v i n g t h e 5d3/2 ( e g (2,l)) l e v e l t o t h e 6p112(2,2) l e v e l w i t h a n o t h e r laser and a p p r o p r i a t e microwave f r e q u e n c i e s t o mix t h e 5d3 l e v e l s . S c a t t e r e d photons a t 493.4 nm a r e c o i l e c t e d a n d u s e d as an i n d i c a t o r of how many i o n s made t h e (l,-l) t o (2,-1) t r a n s i t i o n , 4 ) r e p e a t s t e p 1 u s i n g b o t h t h e laser a n d a p p r o p r i a t e microwave f r e q u e n c i e s t o pump a l l t h e i o n s i n t o t h e (l,-l) l e v e l of t h e ground s t a t e . The m a g n e t i c f i e l d c a n a l s o b e m e a s u r e d d u r i n g t h i s c y c l e . N o t e t h a t s t e p 3 p r o v i d e s t h e i o n c o o l i n g as w e l l as s e r v i n g as a
t h e microwave line width because ions decaying from t h e 6p ( 2 , + 2 ) l e v e l c a n n o t r e a c h t h e F = l l e v e l s o f t h e 6~1 / 2 ground s t a t e .
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There i s some u n c e r t a i n t y i n t h e r a t e a t which the ions can be cycled from t h e 6slI2 t o t h e 6plI2 s t a t e due t o t h e d e c a y t o t h e m e t a s t a b l e 5d3/2 state. The h y p e r f i n e s e p e r a t i o n o f t h e 5d3/2 l e v e l s , p u r i t y , and t h e o v e r l a p o f t h e t r a n s i t i o n s from 6plI2 t o 6sl and 5d3,2 a r e n o t well known. S u c h c o m p l l c a t i o A s a r e s p e c l f l c t o Ba+ and need not be present i n o t h e r p o s s i b l e i o n s . T h e r e f o r e i n t h e f o l l o w i n g d i s c u s s i o n we assume t h a t e f f i c i e n t pumping of ions from t h e 5d3/2 s t a t e t o t h e 6plI2 (2, 2 ) l e v e l c a n b e achieved." which make t h e microwave t r a ns i t i o n , a n d 7n. i s t h e l a s e r c o o l i n g t i m e .
The achievement of such good short-term frequency s t a b i l i t y would make it p o s s i b l e t o r e a c h f r e q u e n c y s t a b i l i t i e s o f o r d e r 1O-l' and evaluate systematic s h i f t s o f less t h a n 1 x
The numbers g e n e r a t e d f o r Ba+ a r e o n l y t o i l l u s t r a t e t h e g r e a t p o t e n t i a l f o r unproved microwave f r e q u e n c y s t a n d a r d s . under the assumption that the ions temperature is below 1 K and that magnetic field independent or independendent or nearly independent transitions such as the (2,-1) to (l,-l) hyperfine transition in Ba'137 described above are used. Collisions with background gas
Conclusion
The general concepts of ion storage in Penning style ion traps have been described. Experimental evidence demonstrating the effectiveness of laser induced refrigeration which will make it possible to reduce fractional frequency shifts due to the second order Doppler effect to 5 was presented. It was also shown that the ion storage techniques and the laser induced cooling were applicable to a large number of ions and should therefore lead to previously unattainable precision and accuracy in atomic and molecular ion spectroscopy. Specifically, a sample calculation showed that fractional frequency stabilities of order and absolute accuracies of order are likely possible. Low l y i n g e n e r g y l e v e l s of Mq+. 
AT ~a + GROUND STATE H Y P E R F I N E S T R U C T U R E
c'ig. 9 . Magnetic hyperfine splitting of the 6S1,2 ground state of ~a + 137'
